Murine leukemia retroviruses (MuLVs) cause leukemia and lymphoma in susceptible strains of mice as a result of insertional mutation of cellular proto-oncogenes or tumor suppressor genes. Using a novel approach to amplify and sequence viral insertion sites, we have sequenced >200 viral insertion sites from which we identify >35 genes altered by viral insertion in four AKXD mouse strains. The class of genes most frequently altered are transcription factors, however, insertions are found near genes involved in signal transduction, cell cycle control, DNA repair, cell division, hematopoietic differentiation, and near many ESTs and novel loci. Many of these mutations identify genes that have not been implicated in cancer. By isolating nearly all the somatic viral insertion mutations contributing to disease in these strains we show that each AKXD strain displays a unique mutation profile, suggesting strain-specific susceptibility to mutations in particular genetic pathways.
AKXD recombinant inbred (RI) strains of mice develop a variety of hematopoietic cancers as a consequence of somatic viral insertions that alter the expression of cellular proto-oncogenes and tumor suppressor genes (Mucenski et al. 1986 (Mucenski et al. , 1987 Gilbert et al. 1993 ). Viral insertion site cloning within these strains has led to the identification of many proto-oncogenes as well as tumor suppressor genes, however, the majority of insertion mutations contributing to disease in these strains have not been identified, and few genes altered by viral insertion in B-cell leukemia have been cloned (van Lohuizen and Berns 1990) .
Ideally, to determine the molecular genetic basis of leukemia and lymphoma, every somatic mutation contributing to disease should be identified. AKXD animals have proved to be extremely useful as genetic models of disease because affected genes are "tagged" by viral sequences. Unfortunately, current methods for identifying affected genes require the construction and screening of genomic libraries from individual tumor samples. Although effective, this approach is both time and labor intensive and has been the primary hindrance to identifying all virally induced somatic mutations. To avoid unnecessary cloning steps and speed identification of disease-causing mutations we used a novel approach to amplify and sequence viral insertion sites. This approach is based on a technique known as restriction-site PCR, which uses restriction enzyme (RE) recognition sequences as targets in unknown genomic DNA, enabling amplification between unknown genomic DNA and a known sequence. We used this technique to amplify genomic DNA-flanking murine proviral sequences. The viral insertion site amplification technique, or VISA, was used to screen tumors that arose in animals from AKXD RI mouse strains susceptible to B-cell leukemia and lymphoma. This screen identified the majority of virally induced somatic mutations within these tumors. Our approach greatly simplifies the effort needed to access cancer-causing mutations in the AKXD strains, providing an effective means for determining the molecular genetic basis of leukemia and lymphoma.
RESULTS
AKXD strains susceptible to B-cell leukemia or lymphoma (Mucenski et al. 1987; Gilbert et al 1993) were aged to collect tumors for analysis. Similar to previous studies, the AKXD mice showed strain-specific variation in their susceptibility to disease. The highest incidence of disease was observed in AKXD-18 animals, where 67% (42 of 63) developed either leukemia or lymphoma by 18 months of age. Animals from both the AKXD-13 and AKXD-27 strains showed moderate susceptibility, with 31% (18 of 58) and 55% (41 of 74) affected (respectively). In contrast, only 14% (4 of 29) of AKXD-10 animals developed disease.
To evaluate the VISA technique, tumors from these strains were screened using VISA to identify somatic viral insertion mutations (Fig. 1) . A total of 217 genomic/proviral sequences were identified from screening 107 leukemias and lymphomas. These sequences represent 31 endogenous proviral elements and 186 somatic viral insertion site tags (VSTs). No VST sequences were identified from tumors that did not contain somatically acquired viruses detectable by Southern blot hybridization (data not shown). Database searches of the somatic VSTs identified 31 genes and expressed sequence tags (ESTs) in the nr-DNA and dbEST databases, several of which are known oncogenes or previously identified viral insertion sites (Table 1) . Multiple VSTs representing independent in-sertion mutations at Lvis1, Evi3, and Nmyc were identified (Table 1) . To determine whether VISA screening identified additional common insertion sites, the remaining set of VST sequences were compared with each other to determine whether multiple independent insertions occurred at the same genetic locus. These comparisons identified three new common sites of viral insertion, designated Lvis2, Lvis3, and Lvis4. Each of these loci were mapped by interspecific backcross to identify candidate genes. Lvis2 cosegregates with marker D7Mit237 on mouse chromosome 7 (Fig.  2a) . No viral insertion sites have been mapped to this location; however, three genes are closely linked to this marker: stromal cell interacting factor 1 (Stim1), protein tyrosine phosphatase, nonreceptor type 5 (Ptpn5), and the SRY-box containing gene 6 (Sox6) (Mouse Genome Database 1999) . Both Sox6, a transcription factor, and Ptpn5, a protein tyrosine phosphatase, have functions consistent with known oncogenes. Stim1 is a stromal cell surface molecule identified for its ability to promote the survival or proliferation of pre-B cells in culture (Oritani and Kincade 1996) . Although little additional information regarding Stim1 function is available, the expression and proposed function for Stim1 make it an interesting candidate disease gene. Lvis3 cosegregates with markers on chromosome 13 and is tightly linked to the Fim1 locus (Fig.  2b ). Fim1 is a common site of viral insertion in myeloblastic leukemias for which the affected gene has not yet been identified (Sola et al. 1986 ). Comparisons of restriction map data from Fim1 and Lvis3 indicate that these loci do not overlap (data not shown); however, further studies will be necessary to determine whether viral insertions at Lvis3 and Fim1 affect the same gene. Lvis4 maps to distal chromosome 12, near the homeobox transcription factor goosecoid, and the T-cell leukemia translocation breakpoint TCL1 (Virgilio et al. 1994; Mouse Genome Database 1999) .
VISA screening identified 186 insertion mutations from 107 tumors. To estimate the percentage of total insertion mutations identified in the current study, Southern blot hybridizations were performed using probes for selected loci. Screening at Evi3, Lvis1, Hex, Alx4, and Rel detected proviral insertions in addition to those identified by VISA, whereas no additional alterations were identified using probes for RecQ5 or Erp72 (Table 1) . These screens identified a total of 26 insertions, 17 of which were amplified and sequenced using VISA (65%). This is consistent with previous studies, which have indicated that most AKXD leukemias and lymphomas contain three to four somatic viral insertions (Mucenski et al. 1988; Gilbert et al. 1993) , and suggests that although the majority of mutations have been identified, additional screening with degenerate primers targeting other restriction enzyme sequences will be necessary to identify all mutations.
The frequency of insertions at many of these loci varied significantly between AKXD strains. Although Figure 1 VISA PCR using MuLV LTR-specific primers. (a) Schematic representation of VISA. Viral insertion sites are amplified using primers specific for the long terminal repeat (LTR) of the MuLV in combination with RE-anchored degenerate primers that amplify from flanking genomic DNA. Two rounds of PCR are performed on unmodified genomic DNA using nested virus-specific primers to ensure specificity. Successful amplification of any viral insertion site is dependent on whether the RE anchor sequence is present in the genomic sequence flanking the viral LTR. Therefore, to increase the number of insertion mutations amplified, a minimum of five RE-anchored degenerate primers are used on each sample. The approximate binding sites for LTR specific primers SP1 and SP2 are shown. The RE-anchored degenerate primer contains an M13F linker (shown as a curved line) that is not expected to bind mouse DNA during the first round of PCR, but is useful for subsequent amplifications and sequencing. The stripped box indicates the location of the restriction enzyme recognition site target for the RE-anchored degenerate primer. (b-d) Representative examples of VISA products generated with RE-anchored primers specific for HindIII (b), EcoRI (c), and BclI (d). DNA isolated from brain tissue, which is rarely infiltrated by tumor cells, was used as a control to identify all nontarget amplification products such as endogenous proviral insertion sites, internal provirus sequences, or single primer amplification products generated by the restriction-site anchored primer. Tumor-specific VISA products, ranging in size from 50 bp to 2.0 Kb were gel purified and sequenced directly (identified by arrows). Lane designations are (n) (nontumor); (t) tumor. 
insertions at several loci such as Evi3, Lvis3, and c-Rel are strainspecific, insertions at Alx4, Lvis1, Lvis2, and Lvis4 were observed in multiple strains (Table 2 ). In addition, several insertion mutations show tumor celltype specificity, occurring primarily in B-lineage tumors (Evi3, Lvis1, Lvis3) or T-lineage tumors (Alx4). Notably, insertions at Evi3 and Lvis1 occur frequently in these strains, and likely play a significant role in B-cell disease.
DISCUSSION
The majority of virally induced somatic mutations in Figure 2 Meiotic mapping of Lvis2-Lvis4. Lvis viral insertion sites were mapped using an (SB/Le ‫ן‬ M. spretus) F 1 ‫ן‬ SB/Le interspecific backcross previously typed for multiple markers on all mouse chromosomes (Justice et al. 1990 ). Partial linkage maps of chromosomes 7 (a), 13 (b), and 12 (c) are depicted. Ratios of the total number of mice exhibiting recombinant chromosomes to the total number of mice analyzed for each pair of loci (with map distances in centimorgans ‫ע‬ the standard error) are shown to the left of each chromosome. For markers that cosegregate, the upper 95% confidence interval is shown in parentheses. The predicted map locations of human orthologs are indicated to the right of each chromosome. References and additional information regarding human map locations can be obtained from the Mouse Genome Database (http://www.informatics.jax.org/). (Justice et al. 1990 ).
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Cold Spring Harbor Laboratory Press on November 1, 2017 -Published by genome.cshlp.org Downloaded from primary leukemias and lymphomas from four AKXD strains were identified by direct amplification and sequencing using VISA. Viral insertions were identified at the common insertion sites Evi3, Lvis1, Gfi1, Myc, Notch1, and Nmyc, at eight new common insertion sites, Lvis2-Lvis9, and at many other genes and ESTs not previously implicated in cancer.
Multiple insertions were identified at Lvis1, the most frequently altered locus in AKXD B-cell neoplasias (Hansen and Justice 1999) . Viral insertions at this site activate the expression of two distant genes, Eg5 and Hex (Hansen and Justice 1999) . EG5 is a kinesinrelated spindle protein necessary for spindle assembly and cell division. The role of kinesin-related proteins in cancer is unclear; however, direct inhibition of Eg5 has been shown to block mitosis by inhibiting bipolar spindle formation (Mayer et al. 1999) . Hex is a divergent homeobox gene implicated in hematopoietic differentiation and transcriptional repression (Manfioletti et al. 1995; Tanaka et al. 1999) . Homeobox genes and related transcription factors play a significant role in leukemia and lymphoma (Look 1997) . In addition to insertions at Lvis1, insertions at Lvis6 identify a common viral insertion site near the 3Ј UTR of Hex in AKXD-27 tumors, providing additional evidence for the role of Hex in B-cell disease.
Multiple viral insertions were identified at Lvis5, a common site of viral insertion in the promoter region of the homeobox transcription factor Alx4. This gene contains a single paired-type DNA binding domain similar to the Drosophila "aristaless" protein (Qu et al. 1997 ). In the mouse, Alx4 is expressed during early embryogenesis but is not expressed in later stages of development or in adult tissues (Qu et al. 1997 ). Mutations in Alx4 produce preaxial polydactyly as well as a variety of other skeletal defects (Qu et al. 1998) . The somatic mutations identified in this study provide the first evidence linking Alx4 to cancer.
The common insertion site Lvis7 identifies the Rel oncogene, belonging to the REL/NF-B/IB superfamily of signal transducers and transcription factors that carry out diverse functions in the immune system. Rel was initially identified as the mammalian homolog of the viral oncogene v-REL, which has been shown to promote cellular transformation both in vitro and in vivo (Sylla and Temin 1986; Moore and Bose 1988; Foo and Nolan 1999) . Current studies suggest that the mechanism through which Rel and other family members mediate cellular transformation involves inappropriate protection or rescue from apoptotic signals (Foo and Nolan 1999) . Notably, although Rel has been implicated in lymphoma development, our study is the first to identify it as a common viral insertion site, demonstrating the efficacy of the VST technique for identifying cancer-causing genes.
Many of the known AKXD disease genes were identified using VISA. However, insertions near Pim1, Evi1, Fis1, and Pvt1, which have been observed in AKXD tumors (Mucenski et al. 1987 (Mucenski et al. , 1988 , were not identified in this study. Insertion mutations at these sites occur infrequently in the four AKXD strains screened by VISA; therefore, it is possible that insertions at these sites do not occur in this tumor subset. Alternatively, although we have isolated the majority of insertion mutations, additional screening may be necessary to identify all genes altered. It is also important to note that previous studies used Southern blot hybridization to screen several kilobases of genomic DNA at each locus, little of which is represented in current sequence databases. This is certainly the case for Fis1, where no sequence data is available. A large number of the viral insertion site sequences did not show similarity to each other or to sequences in available databases (135 of 186, or 73%). These insertions may lie at a distance from candidate genes, or may occur within introns or near 5Ј or 3Ј regulatory elements for which sequence is not available. Alternatively, they may identify novel genes. Several VSTs showed similarity to mouse, human, and rat ESTs, one of which is a CGAP EST expressed in human follicular lymphoma (Table 1) . Cross-referencing mutation and sequence databases such as these is likely to reveal roles for many novel genes. Identification of candidate genes for the remaining VSTs is essential for a complete understanding of hematopoietic diseases, and will require forthcoming genomic sequence information from mouse and human genome sequencing efforts (Collin et al. 1998; Battey et al. 1999) .
For sites where genes can be immediately identified, it is clear that many have the potential to contribute to the disease process. Insertions near CcnD3, Gfi1, Myc, Notch1, Nras, and Sox4 were each observed once. These genes have been identified as cellular proto-oncogenes or common viral insertion sites in other tumor subsets or model systems (Corcoran et al. 1984; Gilks et al. 1993; Steffen 1984) . Obviously none of these loci play a significant role overall in the disease process observed in these AKXD strains. Nonetheless, a viral insertion mutation near any one of these genes would likely provide a growth advantage to the individual tumor in which it occurred. Certainly any of the genes identified near viral insertion sites could contribute to disease. One gene of particular interest is RecQ5. RecQ helicases function in DNA repair, recombination, and replication. Mutations in three of the five human RecQ proteins are associated with diseases involving predisposition to malignancies and increased chromosomal instability (Ellis et al. 1995; Yu et al. 1996; Kitao et al. 1999) . Recent mapping of RecQ5 has localized this gene to human chromosome 17q23-25, a region associated with both breast and ovarian cancer (Sekelsky et al. 1999) . Our data identify RecQ5 as a potential proto-
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In addition to implicating multiple loci in hematopoietic disease, analysis of VSTs revealed distinct mutation profiles within AKXD strains. This implies that although a variety of genes can contribute to malignant transformation, susceptibility alleles within each genetic background determine mutation oncogenicity. Although further work will be necessary to identify these susceptibility alleles, the VSTs represent the majority of genes that contribute to disease onset and progression within the hematopoietic lineages of these strains. These data can be integrated with both genomic and gene expression profiles from human cancers to uncover the pathways involved in the development of leukemia and lymphoma in both mouse and human.
METHODS Mice
Mice from four AKXD strains, AKXD-10, AKXD-13, AKXD-18, and AKXD-27, were obtained from The Jackson Laboratory and maintained in our colony at Oak Ridge National Laboratory. Animals were monitored weekly for signs of illness, and moribund animals or healthy animals reaching the age of 18 months were autopsied and evaluated for signs of lymphoma. Normal and affected tissues were snap-frozen in liquid nitrogen.
DNA Extraction
High molecular weight DNA was isolated from tumorinfiltrated and normal tissues as described (Wu et al. 1995) , followed by a single phenol/chloroform extraction and ethanol precipitation following standard procedures (Sambrook et al. 1989 ).
Overview of VISA
Mouse genomic sequence flanking inserted proviral elements was amplified using two rounds of PCR. The initial PCR was performed on 200 ng of genomic DNA using a restriction site-anchored degenerate primer (Sarkar et al. 1993 ) and a MuLV long terminal repeat (LTR)-specific primer (SP1). The second round PCR was performed using 1 µl of first round reaction as template, with a nested LTR-specific primer (SP2) and the M13F primer, which is included as an adapter in the degenerate primer design. Second-round PCR products were separated by gel electrophoresis, and tumor-specific VISA products were purified and sequenced (Fig. 1) .
Oligonucleotide Primers
Nested primers specific to the ecotropic MuLV LTR were designed to amplify the upstream insertion junction. These primers (first round) SP1 5Ј-CTGAGAACATCAGCTCTG-3Ј and (second round) SP2 5Ј-CTGGCTAAGCCTTATGAAGG-GGTCTTTC-3Ј bind 70 bp and 1 bp from the 5Ј LTR terminus, respectively. To amplify sequences downstream of the proviral element, primers (first round) 5Ј-AATCAGCTCGCTT-CTCGC-3Ј and (second round) 5Ј-GAGGGTCTCCTCAGAGT-GATTGACTGC-3Ј were used, binding 223 bp and 21 bp from the 3Ј LTR terminus, respectively. The degenerate primer design consisted of three regions: an anchor sequence of four to six nucleotides based on RE recognition sequences, a fully degenerate region of eight nucleotides, and an adapter region consisting of the M13F primer sequence (for example, to target the restriction enzyme recognition sequence EcoRI, 5Ј-GGGTTTTCCCAGTCACGACNNNNNNNNGAATTC-3Ј). Primers targeting EagI, EcoRI, HindIII, SacI, and XbaI were used on all tumor samples. Additional screens using primers for BclI, BssHII, PstI, SacII, or TaqI were performed on those samples not generating products after the initial screen.
PCR Conditions
PCR was performed using a MJ Research thermal controller with the cycling parameters: 94°C for 3 min, 30 cycles of 94°C for 30 sec, 50°C for 2 min, and 72°C for 2 min, with a final 7-min incubation at 72°C. The initial round of PCR contained 200 ng of genomic DNA, 2.5 pmoles of SP1, 25 pmoles of degenerate primer, 1.5 mM MgCl, 0.2 mM each dNTP, 2.5 µl ‫ן01‬ PCR buffer, 1 M betaine, and 0.25 µl Taq DNA polymerase in a volume of 25 µl. One microliter of this reaction was used as template in a nested reaction with the following changes: 25 pmoles of both SP2 and M13F were used as primers, and the annealing temperature was increased to 55°C. Each reaction was electrophoresed on a 2% SeaPlaque GTG agarose gel in ‫ן1‬ TAE. Products of interest were purified using the QIAquick gel extraction kit (Qiagen) and sequenced using the M13F and SP2 primers.
DNA Sequencing and Analysis
DNA was sequenced using the ABI Prism BigDye Terminator Cycle Sequencing Kit (Perkin Elmer) on an ABI model 377 DNA Sequencer (Applied Biosystems). Sequence files were edited to remove ambiguous bases and were analyzed for sequence overlap using Sequencher (Gene Codes Corporation Inc.). Sequence from each product was verified to contain the target RE sequence and viral LTR sequence. Sequences representing endogenous proviral elements were identified by comparison with sequenced products amplified from nontumor DNA. In cases were a single insertion mutation was amplified more than once by different RE-anchored degenerate primers, only the largest sequence was used. Edited sequence files were searched against available sequence databases using the gapped BLAST algorithms BLAST-nr, BLASTN-dbEST, and BLASTX-nr (Gish and States 1993; Altschul et al. 1997 ).
Genetic Mapping
Loci were mapped using an (SB/Le ‫ן‬ M. spretus) F 1 ‫ן‬ SB/Le interspecific backcross previously typed for multiple markers on all mouse chromosomes (Justice et al. 1990 ). Informative restriction fragment length polymorphisms were monitored in 130 N 2 progeny to determine linkage. Additional information regarding allele sizes and informative polymorphisms has been deposited in the Mouse Genome Database (http:// www.informatics.jax.org).
Southern Blot Analysis
Membranes were prehybridized and hybridized as described (Church and Gilbert 1984) . Probes for IgH, Ig, J␤1, and J␤2 have been described (Kronenberg et al. 1985; Mucenski et al. 1986 ). Probes representing Lvis1, the 3Ј UTR of the Hex gene, and the Evi3 insertion site have been described (Justice 1994; Hansen and Justice 1999) . All other probes were derived from VISA PCR products. Probes were radioactively labeled using the Prime-It kit (Stratagene).
